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Abstract
Heavy long-lived multi-charged leptons (MCLs) are predicted by various new physics models.
These hypothetical MCLs can form bound states, due to their high electric charges and long
life times. In this work, we propose a novel strategy of searching for MCLs through their
bound state productions and decays. By utilizing LHC-8 TeV data in searching for resonances
in the diphoton channel, we exclude the masses of isospin singlet heavy leptons with electric
charge |q| ≥ 6 (in units of electron charge) lower than ∼1.2 TeV, which are much stronger
than the corresponding 8 TeV LHC bounds from analysing the high ionisation and the long
time-of-flight of MCLs. By utilising the current 13 TeV LHC diphoton channel measurements
the bound can further exclude MCL masses up to ∼1.6 TeV for |q| ≥ 6. Also, we demonstrate
that the conventional LHC limits from searching for MCLs produced via Drell-Yan processes
can be enhanced by including the contribution of photon fusion processes.
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1 Introduction
Heavy long-lived multi-charged leptons (MCLs) are predicted by various extensions of the
Standard Model (SM) (for a review, see [1]). The charge conservation of such MCLs typically
implies that they are long-lived. Theoretically, the observed charge quantisation of known
quarks and leptons lacks a fundamental explanation within the SM due to the Abelian nature
of the hypercharge gauge symmetry. Various theoretical frameworks have been proposed to
accommodate charge quantisation, such as quantum-mechanical monopoles [2], grand unified
theories [3] and gauge anomaly cancellation [4]. Experimental observation of non-integer and
multiply charged particles may thus have important implications for the charge quantisation
problem and beyond the Standard Model physics in general.
In LHC experiments, MCLs with lifetimes greater than O(1) ns can be observed with the
ATLAS and CMS detectors as high-momentum tracks with anomalously large rates of energy
loss through ionization. MCLs could also be highly penetrating so that the fraction reaching
the muon system of the detectors would be sizeable. Therefore, the muon system could be used
to help in identification and in the measurement of the time-of-flight (TOF) of the particles.
So far, the ATLAS and CMS collaborations have extensively searched for long-lived MCLs by
analysing the anomalously high ionisation and the long TOF to the outer muon system at the
LHC [5, 6, 7]. Based on the 8 TeV dataset, considering Drell-Yan (DY) like signals, the ATLAS
collaboration has excluded the MCLs mass range from 50 GeV up to 660, 740, 780, 785, and
760 GeV for integer charges |q| = 2 − 6, respectively [7]. Similar bounds are obtained by the
CMS collaboration. In this case, integer charges |q| = 1− 8 are excluded for masses below 574,
685, 752, 793, 796, 781, 757, and 715 GeV/c2, respectively [6]. The non-integer charge analysis
for certain charge ranges and masses are also given by the CMS collaboration in [5].
However, the signal efficiency in searches for the MCLs drops significantly with the increase
of the mass and charge of leptons. For example, when the charge is higher than 6, the signal
efficiency is expected to be less than 5% [7]. Such low efficiencies mean that a different approach
is required.
Due to their high charges and long life times, the MCLs are expected to form bound states
via the electromagnetic interaction, which will subsequently decay to SM particles. We call
these bound states ‘leptonium’. In this paper we propose a new search for the MCLs through
their bound state productions and decays at the LHC. To demonstrate our method, we consider
vector-like, weak isospin singlet leptons L, charged only under U(1)Y with hypercharge (equal
to the electric charge) YL. Our proposal can also be applied to other representations of MCLs
with modifications in the production and decay calculations.
2 Constraints on MCLs
In current LHC experiment of searches for MCLs [5, 6, 7], only pair production of MCLs via DY
processes is included. However, these MCLs can also be produced in pairs via the photon fusion
process. In Fig. 1, we compare the LHC-8 TeV exclusion limits of MCLs from DY processes
(left panel) with those from DY+photon fusion processes (right panel). We compute these
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processes using Madgraph 5 [8] with the NNPDF2.3QED parton distribution function (PDF) [9].
We can see that the DY process alone can exclude the masses of the heavy charged lepton up
to 640 and 800 GeV for |q| = 2 and 3 respectively 1. While the DY+photon fusion process
can exclude masses up to 810 and 1000 GeV for |q| = 2 and 3 respectively. Therefore, we can
conclude that the contribution of the photon fusion process to LHC searches for MCLs is not
negligible and should be included in LHC analyses.
Figure 1: LHC-8 TeV exclusion limits of MCLs from DY process (left panel) and from
DY+photon fusion process (right panel). The LHC-8 TeV 95% C.L. observed limits (dashed
lines) are taken from [7].
Since the multi-charged lepton can contribute to the electroweak observables, we consider
the dependence of the ∆S,∆T,∆U parameters [10] on the hypercharge and mass of the new
lepton.
∆S =
4
3pi
Y 2L sin
4 θw
1− 4m2L/m2Z
, ∆T =
1
3pi
Y 2L tan
2 θw
1− 4m2L/m2Z
, ∆U =
1
3pi
sin4 θw
m2Z
m2L
(
Y 2L +
2
3 sin2 θw
)
(1)
comparing with the experimental values (±1σ) are [11]:
∆S = 0.05± 0.11, ∆T = 0.09± 0.13, ∆U = 0.01± 0.11 (2)
we find that the T parameter is the most constraining, and require:
|YL| < 9
( mL
300 GeV
)
, (3)
in the limit mL  mZ . Hence for MCLs masses above ∼ 300 GeV with YL ≤ 9, the oblique
parameter bounds can be easily satisfied.
The Millikan-type experiments require the abundance of fractionally charged particles be
less than ∼ 10−22 per ordinary matter nucleon [12]. However, this bound can be easily satisfied
by assuming a low reheating temperature after inflation, Trh < mL [13].
1Since the 95% C.L. observed limits on MCLs are within 1 TeV in ATLAS analysis at 8 TeV LHC, we will
not explicitly state the comparison between DY and DY+photon fusion for charges |q| = 4− 6.
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The introduction of these leptons would also be expected to have implications for the running
of the hypercharge coupling. It is found that the large hypercharge YL accelerates the running
of the effective hypercharge coupling constant such that it hits the Landau pole at the following
energy scale:
Λ2 = m2Z exp
(
1
8 + Y 2L
3pi
α(m2Z)
)
(4)
which gives ∼ 105− 1017 GeV for hypercharges YL = 8− 3 at the TeV mass scale, respectively.
Although this shows that our perturbative calculations in the energy domain well below the
Landau pole are valid, the hypercharge U(1) should probably be embedded into a larger non-
Abelian group in order to avoid theoretical inconsistency. Alternatively, the hypercharge U(1)
may avoid the Landau pole by developing an ultraviolet non-Gaussian fixed point [14].
3 MCL Bound State Production at the LHC
Besides the production of free MCLs, these hypothetical MCLs can form bound states via the
electromagnetic interaction, due to their high electric charges and long life times. Such heavy
leptoniums can be copiously produced at the LHC and serve as a smoking gun to probe the
MCLs.
In the non-relativistic approximation, the heavy lepton L is described by the Schro¨dinger
equation (
−∇
2
mL
+ V (r)
)
ψ = Eψ , (5)
with the binding Coulomb potential
V (r) = −Y
2
Lα
r
, (6)
where α ≈ 1/128 is the fine structure constant evaluated at mZ 2. In this approximation, the
ground state (n = 1, l = 0) energy is given by:
E = −1
4
mL
(
Y 2Lα
)2
, (7)
We also include the leading [∼ O (Y 8Lα4)] relativistic Breit correction to the binding energy
given in Eq. (7):
δEBreit = − 1
2mL
(
E2 − 2E 〈V 〉+ 〈V 2〉) = − 5
16
mL
(
Y 2Lα
)4
. (8)
The mass of the para-leptonium ψpara (J
PC = 0−+) is then given by:
mψpara = 2mL + E + δEBreit, (9)
2Note that since the leptonium Bohr radius, rL =
2
mL
1
Y 2Lα
, is larger than the Compton wavelength of the
Z-boson, rL & 1/mZ , in deriving the potential (6) we only take into account massless photon exchange.
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and from this we can derive the mass of the constituent leptons from a resonance observed in
the diphoton channel which can be identified as the para-leptonium state,
mL = mψpara
(
2− 1
4
(αY 2L )
2 − 5
16
(αY 2L )
4
)−1
. (10)
The wave function ψpara(0) is given by,
|ψpara(0)|2 =
(
1√
4pi
)2
|Rpara(0)|2 , (11)
with the radial part evaluated as:
|Rpara(0)|2 = (Y
2
LαmL)
3
2
. (12)
In addition to para-leptonium, our model predicts a heavier spin-1 ortho-leptonium bound state
ψortho (J
PC = 1−−) with mass [15],
mψortho ' mψpara
1 + 7
12
(Y 2Lα)
4(
2− 1
4
(Y 2Lα)
2 − 5
16
(Y 2Lα)
4
)
 , (13)
The wave function ψortho(0) is equal to ψpara(0) at leading order, since they satisfy the same
Schr´’oinger equation.
Figure 2: The Feynman diagrams for inelastic (left), semi-elastic (middle) and elastic (right) scattering
photoproduction subprocesses.
At the LHC the spin-0 para-leptonium is predominantly produced via photon-fusion pro-
cesses in three distinct ways, shown in Fig. 2. Photoproduction is dominated by inelastic
scattering, which is followed by the semi-elastic and elastic processes in the ratio 63:33:4 [16].
Here it should be noted that this relation changes only slightly with the heavy lepton mass
since its dependence on the mass is cancelled in the ratio [17]. So we use this ratio as a good
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approximation in the numerical calculations that follow. The parton level cross section for pho-
toproduction of the bound state ψpara can be written in terms of the decay width of ψpara → γγ,
since both the production and decay processes share the same matrix elements. This is given
by [18, 19]:
σˆγγ→ψpara(sˆ) = 8pi
2Γψpara→γγ
mψpara
δ(sˆ−m2ψpara) (14)
The decay width Γψpara→γγ in turn is given in terms of the annihilation cross section of a free
lepton-antilepton pair into two photons and the wave function for the leptonium bound state
evaluated at the origin:
Γψpara→γγ =
16piα2Y 4L |ψpara(0)|2
m2ψpara
. (15)
Then we can calculate the two photon production and decay cross section by convolution with
the parton distribution function (PDF) for the photon in the proton, fγ(x):
σγγ→ψpara→γγ =
8pi2
smψpara
Γ2ψpara→γγ
Γψpara
ˆ
δ(x1x2 −m2ψpara/s)fγ(x1)fγ(x2)dx1dx2 (16)
where
√
s is the centre-of-mass energy, and Γψpara denotes the leptonium total decay width. It
should be noted that the para-leptonium state would also decay into γZ and ZZ , the ratio of
these signals would be 1 : 2 tan2 θW : tan
4 θW , for γγ : γZ : ZZ respectively (θW is the weak
mixing angle, tan θW ≈ 0.55). Given the sizeable branching ratio and clean signatures in the
diphoton channel, we use the LHC data of diphoton resonance searches to obtain bounds on
MCLs. Other searches in the Zγ and ZZ channels, are suppressed by the subsequent decay
branching ratios of the Z. In the numerical calculations, we use the NNPDF2.3QED photon PDF
to calculate the hadronic cross section at the LHC.
In Fig. 3, we plot the dependence of the production rate of para-leptonium diphoton decay
on the masses of mψpara and mL for integer hypercharges YL = 4 − 8. We can see that 8 TeV
LHC data searching for resonances in the diphoton channel can exclude the mass of a heavy
lepton with hypercharge YL = 6 and 7 up to 1.2 and 1.5 TeV respectively, which is much
stronger than the corresponding ATLAS and CMS bound from analysing the high ionisation
and the long time-of-flight in DY production. Also we checked and found that even with the
inclusion of the photon fusion process given in Fig. 1, the bounds derived from the diphoton
channel are still stronger. The LHC-13 TeV data for the diphoton channel further excludes the
mass of an MCL with YL ≥ 6 below ∼ 1.7 TeV at 95% C.L..
While we have concentrated on the lowest energy bound state, a tower of multiple higher
energy excited states is also present. The energy difference between these resonances ∆E are
small enough to be resolved at the LHC. Therefore, in a more accurate treatment, interference
between multi-resonance amplitudes must be taken into account. However, we have verified
that the width of the lightest para-leptonium resonance is much smaller than ∆E, Γψpara/∆E ∝
(αY 2L )
3  1 for the YL range considered, meaning that the interference effects with heavier
resonances can be safely ignored for the purpose of obtaining the conservative bounds.
5
Theory
Observed
Expected(±1σ)
500 1000 2000 3000
0.1
1
10
250 500 1000 1500
Mψpara (GeV)
σ γγ→ψ
pa
ra
×Br(
ψ para→
γγ)fb
mL (GeV)
YL=4
YL=5
YL=6
YL=7
YL=8
Theory
Observed
Expected(±1σ)
500 1000 2000 3000 4000
0.1
1
10
250 500 1000 1500 2000
Mψpara (GeV)
σ γγ→ψ
pa
ra
×Br(
ψ para→
γγ)fb
mL (GeV)
YL=4
YL=5
YL=6
YL=7
YL=8
Figure 3: The cross section of para-leptonium ψpara decaying to two photons at LHC-8 TeV (left) and
LHC-13 TeV (right) (solid lines). The lower and upper x-axes represent the masses of para-leptonium
and constituent lepton, respectively. The 95% CL upper limits are taken from CMS searches [21, 22].
Besides, a spin-1 ortho-leptonium bound state ψortho (J
PC = 1−−) can be produced via
quark-antiquark annihilation at the LHC and may decay intoW+W−, ff¯ (f = e, µ, τ, u, d, c, s, b, t)
or 3γ final states. The interference effects between higher resonance states for large YL may
also affect the observation of ψortho at the LHC, which requires a more detailed analysis and is
beyond the scope of this work.
4 Conclusion
Due to their high electric charges and long lifetimes, the heavy exotic leptons can form bound
states, which can be copiously produced at the LHC. In this paper, we have proposed a new
method using the LHC data of searches for heavy resonances to probe these heavy long-lived
multi-charged leptons. The bounds derived from the 8 TeV LHC diphoton results are much
stronger than the currently available 8 TeV LHC limits from analysing the high ionisation
and long time-of-flight of freely produced exotic leptons. Furthermore, the mass of an isospin
singlet heavy lepton with electric charge YL ≥ 6 can be excluded below ∼1.7 TeV from diphoton
channel 13 TeV data. Therefore, our proposal will prove to be an invaluable new tool in the
search for MCLs in the future LHC experiment.
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